Abstract-The interaction energy of the H2O· · · X2 complexes, with X = H, N and F has been analyzed by using the SAPT (Symmetry Adapted Perturbation Theory) methodology. The decomposition of the interaction energy into distinct physical components is a unique feature of SAPT which distinguishes this method from the supermolecular approach. In SAPT, the interaction energy is expressed as a sum of perturbative corrections, each correction resulting from different physical effect. SAPT results show that the above systems possess quite different features; while the complex with hydrogen is dominated by dispersion, a subtle balance of dispersion and induction is effective in stabilizing the complex H2O· · · N2, and induction (due to the strong electronegativity of fluorine) is the leading term in the pre-reactive vdW complex H2O· · · F2.
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I. INTRODUCTION
The nature of intermolecular interactions of water molecules with atoms, such as rare gases, or nonpolar molecules, such as homonuclear diatomics, has been the subject of a wide series of works, both theoretical and experimental. [1] , [2] , [3] , [4] , [5] , [6] , [7] , [8] , [9] , [10] , [11] , [12] . Theoretical works were mainly focused on the development of potential energy surface (PES) or relate to accurate calculations of interaction energy using the supermolecular approach. While a few articles discuss the origin of the interaction, results are scattered here and there and no systematic comparative study has been carried out for H 2 O-X 2 complexes, at least to the best of our knowledge. This work is aimed at filling the extant gap. The nature of H 2 O-X 2 vdW complexes is elucidated by a complete analysis of the single components contributing to the interaction energy.
The paper is organized as follows. In Section II we present the SAPT theory. In Section III results are presented and discussed. Conclusions follow in Section IV.
II. A SHORT OVERVIEW OF SAPT THEORY
SAPT is designed to calculate the interaction energy of a dimer, i.e. a system consisting of two monomers.
In SAPT, the interaction energy is expressed as a sum of perturbative corrections, each correction resulting from a different physical effect. This decomposition of the interaction energy into distinct physical components is a unique feature of SAPT which distinguishes this method from the supermolecular approach, which only holds the total interaction energy. The SAPT methodology and its applications are discussed in several review papers. [13] , [14] , [15] , [16] , [17] In SAPT, the total Hamiltonian for the dimer is
is the sum of the Fock operators for monomers A and B, V is the intermolecular interaction operator, and 
with the indices n and j denoting the orders in the operators V and W , respectively. The polarization energies E (nj) pol are identical to the corrections obtained in a regular Rayleigh-Schrödinger perturbation theory.
The exchange corrections E (nj) exch arise from the use of a global antisymmetrizer to force the correct permutation symmetry of the dimer wave function in each order, hence the name "symmetry adaptation".
Omitting the j index, at second perturbative order in V :
where ΔE int takes into account the corrections due to third and higher perturbative orders in V , E (1) elst is the electrostatic energy, E (1) exch is the exchange energy, E (2) ind(disp) and E (2) exch−ind(disp) are the induction (dispersion) energy and its exchange counterpart, respectively.
In the highest currently implemented SAPT:
elst = E (10) elst + E (12) elst,resp + E (13) elst,resp (3) here the j index has been reintroduced to show that the electrostatic energy is available at the MP3 level; the subscript "resp" means that the coupled HartreeFock response of the perturbed system is incorporated in the calculation. This correction takes into account the relaxation of the orbitals of the monomers which occurs in the formation of the dimer, so that it introduces further electron correlation. The exchange energy is evaluated at the CCSD level:
The induction energy is corrected for the electron correlation up to second order:
ind is the MP2 correlation part of E (22) ind not included in E (20) ind,resp , while for its exchange counterpart: (22) exch−ind , the exchange counterpart of t E (22) ind , is not effectively computed, but is estimated as:
Dispersion energy is available at the MP2 level of correlation:
while at the moment its exchange counterpart is only available at the HF level:
In the so-called hybrid approach a correction for the induction is introduced:
+ E (10) exch + E (20) ind,resp + E (20) exch−ind,resp .
Considering third-order available components of interaction energy also, the correction for induction is:
elst + E (10) exch + E (20) ind,resp (11) + E (30) ind + E (20) exch−ind,resp + E (30) exch−ind . [18] Overall the accuracy of SAPT is approximately equivalent to the supermolecular MP theory through fourth order, therefore it constitutes a well suited method to treat vdW complexes. [13] III. all the elctrons, included core ones, were explicitly correlated. Several local minima were found for all the complexes considered, but we will limit our discussion to the global minimum configurations. Overall the geometries of the free monomers predicted by MP2 computations are in excellent agreement with those observed by rotational spectroscopy. [21] Harmonic frequencies and electrical properties are given in Table I .
The latter ones are very important for vdW complexes beacuse they allow the determination of the interaction energy by means of well-known empirical relationships. [27] , [28] , [29] , [30] . [33] , e at CCSD(T)-R12 [33] , f at MP2/aug-cc-pVTZ [34] ,
Supermolecular CCSD(T) interaction energies of
The symbol '+' means that additional basis functions were placed in the mid-bond region. The same (3s 2p 1d) mid-bond basis set has been used in all the computations. Orbital exponents s = 0.553, 0.251, 0.117; p = 0.392, 0.142, and d = 0.328 are taken from ref [37] .
basis yields results close enough to the most accurate aQZ+ ones, at least for a discussion of the most relevant effects. From Table II, MBF were added to compare CCSD(T) and SAPT where, on the opposite, MBF are crucial to fully take into account dispersion effects. [37] It is finally to be remarked that for H 2 O· · · F 2 a basis still larger than aQZ+ is needed to achieve the full convergence. 
respectively. As already observed for CCSD(T), the aDZ+ basis set is not the best one for this study, some convergence can be observed going to aTZ+ to aQZ+. Table VI summarize the SAPT contributions of the interaction energies obtained by using the most extended basis set (aQZ+).
A. H 2 O · · · H 2 complex
In the global minimum configuration, the [a] Defined as E (1) elst,resp (3) + E (1) exch (CCSD) + E (20) ind,resp + t E (22) ind + E (20) exch−ind,resp + t E (22) exch−ind + E (2) disp (2) + E (20) exch−disp . [b] Defined as E (30) ind + E (30) exch−ind + E (30) ind−disp + E (30) exch−ind−disp + E (30) disp + E (30) exch−disp .
[c] Defined as SAPT(2) + E (30) .
[e] Supermolecular calculation with additional basis functions placed in the mid-bond region. [a] Defined as E (1) elst,resp (3) + E (1) exch (CCSD) + E (20) ind,resp + t E (22) ind + E (20) exch−ind,resp + t E (22) exch−ind + E (2) disp (2) + E (20) exch−disp . [b] Defined as E (30) ind + E (30) exch−ind + E (30) ind−disp + E (30) exch−ind−disp + E (30) disp + E (30) exch−disp .
[e] Supermolecular calculation with additional basis functions placed in the mid-bond region. [a] Defined as E (1) elst,resp (3) + E (1) exch (CCSD) + E (20) ind,resp + t E (22) ind + E (20) exch−ind,resp + t E (22) 
Defined as E (30) ind + E (30) exch−ind + E (30) ind−disp + E (30) exch−ind−disp + E (30) disp + E (30) exch−disp .
[e] Supermolecular calculation with additional basis functions placed in the mid-bond region.
contributions. It behaves the same way as the CO· · · H 2 and He· · · He complexes studied by Szalewicz and coworkers in ref [38] . The sum E (20) ind,resp + E (20) exch−ind,resp holds a quite consistent part, ca. 66%, of the difference E HF int −(E (10) elst +E (10) exch ); considering third order contributions also, the 71% of the HF induction energy is recovered; this clearly means that the δE HF int,resp contribution is not to be included in the total interaction energy because it mainly contains spurious unphysical effects, like those described in ref [39] . Adding the third order energy to SAPT (2) for E (30) ind and E (30) exch−ind contributions. These effects could be relevant and could contain that part of the third order induction energy neglected in the present computation.
In a recent work, Belpassi et al [8] [38] , for systems in which induction is predicted to be the leading term, or being the same order as dispersion, the hybrid approach should be the best choice. The need of δE
can therefore be rationalized if one observes that the "resp" counterpart of E (20) ind−resp recovers just 16 cm −1 of induction with respect E (20) ind at the second SAPT order, suggesting that orbital relaxation effects are not relevant at third order.
The H 2 O· · · F 2 system is quite peculiar. In the global minimum configuration there is no weak hydro- The symbol '+' means that additional basis functions were placed in the mid-bond region. The same (3s 2p 1d) mid-bond basis set has been used in all the computations. Orbital exponents s = 0.553, 0.251, 0.117; p = 0.392, 0.142, and d = 0.328 are taken from ref [37] .
b From SAPT2.
c From SAPT3, no δE HF correction included.
c From SAPT2, δE HF int,resp correction included.
e Exchange counterparts have been included both in dispersion and induction energies. 
